Availability of different human spheroid experimental models within specific histopathological types of tumours would be useful for studies of heterogeneity of phenotypic properties, including therapeutic resistance, associated with progression of malignancy. In addition to intrinsic cellular heterogeneity, modifications associated with differentiation or other consequences of three-dimensional growth affecting cellular interactions and microenvironments may occur. We have characterized the growth and differentiation of spheroids of human squamous cell carcinomas (SCC) Invasion and metastasis are hallmarks of malignant tumours. Experimental systems for the study of malignancy are confronted with two problems: (i) since invasion implies by definition both the tumour cells and the host, the method to analyze invasion in vitro becomes more complicated than e.g. the study of growth; (ii) spontaneous tumours are 3-dimensional structures whereas cell cultures are monolayers or cell suspensions.
Invasion in vitro is analyzed by confrontation of spheroids of malignant cell populations with fragments of embryonic tissues in organ culture. Invasion and metastasis in vivo is tested by means of implantation of artifical tumours (cells attached to a collagen matrix) respectively underneath the renal capsule and underneath the skin of the tail in syngeneic animals. The relevance and reliability of the assays are checked by comparing invasive and non-invasive cell populations.
The implantation of artificial tumours underneath the renal capsule of syngeneic animals creates the possibility to evaluate quantitatively invasion of different cell lines (e.g. MO4, RACllP, RAC5E, B16B16) as a function of time. The former test is reproducible (MO4) and specific for the tested cell line. Implantation of artificial tumours of B16B16 melanoma under the renal capsule and s.c. in the tail permits evaluation of the effect of 'site dependency' of malignancy. Confrontation of spheroids composed of mixtures and invasive and non-invasive cell populations HBL-100; RAC lP and RAC 5E) with precultured heart fragnents indicates possible influences of one cell population on the invasive behaviour of the other. Translational diffusion of fluorescent lipid probes in the plasma membrane of single, viable cells -either in monocellular suspension or attached on glass coverslips or integrated in the outer rim of a spheroid -was measured by the technique of fluorescence recovery after photo-bleaching. The cell line HMF-1, used here, was derived from a xenograft of a human high grade malignant fibrous histiocytoma at passage 8. The fluorescent lipid probe was I -acyl-2-(N-4-nitrobenzo-2-oxa-1,3-diazole) aminocaproyl phosphatidylcholine (NBD-PC). At 21°C, the diffusion coefficients in the apical, medium facing plasma membrane of cells, growing on glass substrate and in the outer rim of spheroids of 1 mm diameter, were reduced by 45% (P<0.0001) and 64% (P<0.0001) respectively in comparison with cells in suspension. The mobile fraction of lipids in the membrane of suspended cells (61 %) was higher than in spheroid integrated cells (35%) (P<0.0001). Measurements were also performed at 37°C, though a slight proportion of dye molecules diffused in the cytoplasm. At the higher temperature, the diffusion coefficients in spheroid integrated cells were reduced by 58% (P<0.001) compared to suspended cells but no effect on the mobile lipid fraction was seen.
It is concluded that cell-substrate and cell-cell contacts modulate plasma membrane lipid dynamics, which can regulate various membrane enzymes, transport processes, effector-membrane receptor interactions and the vertical displacement of membrane proteins. As already demonstrated in our laboratory, the so-called contact effect (CE) of various cell lines is correlated with the ability of cells to perform intercellular communication (IC) via gap junctions (GJ). Based on this correlation we were able to rank the spheroid radioresistance of 3 rat glioblastomas (RG2, F98 and 9L) according to their relative degree of IC as determined by microelectrode techniques. The mean killing dose and the degree of differentiation increased in correlation to IC (lowest in RG2, highest in 9L).
As an approach to study the biological role of GJ we are presently investigating the action of gapjunctional inhibitors on radiosensitivity and IC. We studied several gapjunctional uncouplers such as ouabain and the tumour promoter TPA upon survival of Chinese hamster peritoneal cells (line B14FAF28). Pretreatment with the drugs resulted in a sensitization against CE. The monolayer survival remained unaffected.
Enhanced recovery from growth inhibition (RGI) in irradiated M04 spheroids invading into embryonic chick heart fragments in organ culture Growth of irradiated spheroids was followed in suspension cultures, after explanation on glass and after trypsinisation of irradiated spheroids by colony forming efficiency in a culture vessel. We found that M04 spheroids recovered better from higher doses of ionizing irradiation (IR) when they were explanted on glass than while kept in suspension culture suggesting that the irradiated M04 population became anchorage dependent for growth. However RGI after 18Gy was significantly higher when M04 spheroids confronted fragments of embryonic chick heart in suspension culture as compared to these explanted on glass in a Leighton tube (P <0.006) or to gel-form in suspension culture (P< 0.007). These latter results suggest that the normal tissue might contribute to RGI in irradiated M04 populations. We have also developed an automated apparatus to dissociate spheroids into subpopulations of cells from different locations in the cell rim. This device has several advantages over current techniques, including: dissociation of a large number of spheroids simultaneously (300 spheroids 1200pm in diameter yields 107 cells in each of 10-15 fractions); automated operation; rapid cell recovery (10-15 cell fractions in 30-45 minutes); and precise control over dissociation conditions, allowing easy adaptation to different cell lines. Importantly, the spheroids are not handled after being placed into the dissociation chamber; uniform trypsin exposure is maintained throughout the dissociation period. We will demonstrate the uniformity and reproducibility of this method and its application to spheroids of 5 different cell lines.
Spheroids in the study of tumour immunity
University of Rochester Cancer Center, Rochester, NY 14642, USA.
The multicellular tumour spheroid (MTS) is a useful tumour model for the study of in situ immunity. A milder dissociation procedure than those used for solid tumours results in a high yield of viable host immune cells while preserving cell markers and functional activity. MTS can be grown serum-free to avoid nonspecific host cell activation.
Spheroids of EMT6/Ro have proven useful in the study of cells important in rejection at the tumour site (Wilson & Lord, Br. J. Cancer 55, 141, 1987) . We have shown that spheroid associated host immune cells from EMT6 immunized syngeneic BALB/c mice have a greater cytolytic activity against EMT6 than do host cells from other locations. The cell responsible for this activity is an antigen specific cytotoxic T lymphocyte. No natural killer cell activity was present in the infiltrating host cell population. However, there was cytolytic activity against WEHI-164 (a line sensitive to tumour necrosis factor) which was mediated by a macrophage population.
The MTS has also been useful in examining the effects of ionizing radiation on host-tumour interactions (Wilson & Lord, Cancer Immunol. Immunother. 23, 20, 1986) . Unlike solid tumours, host and tumour can be irradiated separately. We have shown that mature effector cytolytic activity is radiation resistant. When animals are irradiated earlier in the immune response to the tumour cells, there is a detrimental effect to the host in terms of decreased host cell numbers and activity even though some cytolytic effector cells are still present. The spatial distribution of glucose, lactate and ATP was determined in multicellular HT29 spheroids by a modified bioluminescence technique that was originally designed for the use in brain tissue (Paschen et al., J. Neurochem. 36, 513, 1981) . For measurement, spheroids were rapidly frozen and subjected to serial sectioning in a cryostat. The substrates of interest were enzymatically linked to the bioluminescence of luciferase by placing a cryostat section of a frozen cocktail with appropriate enzymes on top of the frozen spheroid section. Photon emission which was initiated by thawing these sections was recorded by film exposure with subsequent evaluation by microdensitometry and image analysis. Distributions of the different substrates investigated could be registered in successive cryostat sections, i.e., at similar locations in the spheroid. Although the data were obtained on a relative scale so far, preliminary experiments show that the concentration profiles measured can be calibrated in absolute terms. The results obtained clearly show pronounced regional differences in all substances investigated. The distribution of ATP was correlated with the histological structure of the spheroids showing high values in the viable cell rim and low values close to or at the background level in the necrotic core of the spheroids. There was no indication of low glucose levels in the centre of these cell aggregates. Also, an obvious correlation among the parameters measured could not be found.
High-resolution NMR imaging of conditions inside intact, viable spheroids
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We have used high-resolution proton NMR imaging of intact spheroids to demonstrate the feasibility of making noninvasive measurements of morphology and microenvironmental conditions inside spheroids. Spheroids (-1500 ,um diameter) were placed in glass tubes and loaded into a special high-resolution NMR imaging system at Bruker Instruments. This system was adjusted to image 125 ,um thick sections through the intact spheroid, with a spatial resolution of 20-30,um. By using multiplanar, multiecho imaging techniques, differences in the binding of water across the spheroid section were seen. The area of central necrosis bound water to a much greater extent than the area corresponding to viable cells, as indicated by the shorter spin-spin relaxation times (T2 The penetration, binding and uptake of 4 different cytotoxic drugs (actinomycin D, adriamycin, daunomycin and cytosine arabinoside) was analysed in 2 types of cellular spheroids (glioma U-118MG and colon carcinoma HT29). All drugs penetrated rather well into the U-l 18MG spheroids. The intercalating drugs (actinomycin D, adriamycin and daunomycin) had a heterogeneous uptake corresponding to intercalation in cell-nuclei. Cytosine arabinoside was more homogeneously distributed. Actinomycin D and adriamycin penetrated also well in HT29 spheroids. The intercalation pattern was not so pronounced for the HT29 spheroids as for the U-118MG spheroids. A marked penetration gradient was seen for daunomycin in HT29 spheroids even after incubation times of one hour. Thus, HT29 spheroids have other properties than U-l 18MG spheroids when penetration is considered. This was especially so when the penetration of cytosine arabinoside was considered. The HT29 spheroids had in this case an efficient penetration barrier and all cytosine arabinoside seemed to be bound to the glycocalix matrix outside the spheroids. The binding persisted washing in medium without drug. We have used a combination of HPLC, radiolabel, and flow cytometric techn'iques to measure the uptake of three anthracyclines: mitoxantrone, menogaril and adriamycin, in V79-OCF4 cells grown as monolayers, as 100am multicell spheroids, and as 650pm spheroids. The 650,um spheroids were dissociated into two fractions comprising an outer cell layer (50,pm thick) and an inner cell layer (100pm thick).
The toxicity of each of the three anthracyclines on the V79 cells grown in the various culture conditions was normalized to drug accumulation within the cells. The results demonstrated a reduced uptake of drug in the spheroids compared to the monoloayers. Anthracycline uptake was 5 times lower compared to monolayers. The LD90 of spheroids exposed to the anthracyclines was between 6 and 250 fold higher than in monolayers. However, once normalized for drug uptake, the LD90 was -4 to 40 times greater for spheroids compared to monolayers. The small spheroids exhibit an intermediate sensitivity between that of monolayers and large spheroids. Cell subpopulations removed from the outer layer of the spheroid, are equisensitive to cells from the hypoxic inner layer for the three anthracyclines. The data suggest that restricted drug penetration or accumulation by cells in multicell spheroids only partially explains their resistance to anthracyclines. In order to study the effects of fractionated X-ray treatment on spheroids, we used a standard protocol in which spheroids received from 1 to 30 fractions of X rays over a 15 day period and then were disaggregated and assayed for colony forming efficiency. Iso-effect curves for 3 human brain tumour cell lines (87 MG, 251 MG and 373 MG) were produced by plotting the total dose required to reduce survival to the 10% level versus the fraction number. All 3 curves were similar; to produce 90% cell kill, single doses of -4 Gy were required, while total doses of 8 Gy were required when the radiation was given in 8 fractions. The curves plateaued for fraction numbers >8. The hypoxic fractions of 251 MG and 373 MG cell lines were small, being .5% for 600 pm diameter spheroids. Preliminary studies using SR2508 suggest that few, if any, hypoxic cells were in the 87 MG spheroids, because similar radiation survival curves were obtained in the presence and absence of this hypoxic cell sensitizer. Finally, intracellular GSH levels varied considerably among the spheroid types, but were relatively independent of spheroid size. We are hopeful that studies on these and other human brain tumour spheroids will help to define the major determinants of sensitivity to fractionated radiation treatment.
The effect of different schedules of fractionated radiation on human neuroblastoma spheroids I. Berry Different types of cell-spheroids were irradiated with 137-Cs to doses typical in tumour therapy. Disturbances in the growth patterns were analysed from growth curves and from incorporation of thymidine. Some interesting variations in radiosensitivity were found. For example, the colorectal carcinoma HT-29 spheroids were very sensitive showing degeneration after moderate doses while the glioma U-118MG spheroids were more resistant. Oxygen gradients were measured with microelectrodes different times after irradiation. The oxygen gradients were not significantly changed the first 10 days after doses which gave severe growth disturbances. After longer times sometimes a small reoxygenation could be seen in parallel to radiation induced cell degeneration. Two subpopulations enriched in cells with a G1-like DNA content were isolated from murine (EMT6/Ro) and human squamous cell carcinoma (A431) spheroids by centrifugal elutriation. One of these subpopulations consisted primarily of quiescent (Q) cells, as demonstrated by low incorporation of 3H thymidine, delay in regrowth in monolayer culture, and lower RNA content as measured by two-step acridine orange staining and flow cytometric analysis. Compared to the proliferating (P) subpopulation, the Q-cells, when irradiated after isolation, were more sensitive to ionizing radiation (similar Do but decreased Dq). Q cells isolated from fed plateau phase monolayer cultures were also similarly more radiosensitive than P cells. Clonogenicity and viability as assayed by trypan blue exclusion were reduced in the spheroid Q subpopulation as contrasted to no difference in these two parameters between P and Q subpopulations similarly isolated from plateau monolayers. Experiments are in progress to measure radiosensitivity of Q cells in situ and to determine repair capacity. Preliminary experiments indicate that Q cells from human spheroids express a large capacity for repair of potentially lethal damage. xenograft lines and 4 surgical specimens from melanoma patients, were grown in liquid-overlay culture. The spheroids were irradiated at a diameter of 100-140 m and did not contain radiobiologically hypoxic cells.
The cellular radiation sensitivity was the same whether a melanoma was grown as spheroids or as xenografts. An intercellular contact effect was found for spheroids from one of the five xenografts but not for spheroids from the other four, in agreement with observations from studies of the corresponding xenografts in vivo. A positive correlation was found between the radiation response of the spheroids, measured as cell survival after 6Gy or as specific growth delay after 6Gy, and the radiation response of the parent tumours, measured as specific growth delay after 15 Gy.
The growth rate and the plating efficiency in soft agar increased with increasing passage number for the spheroids initiated from the surgical specimens. The survival curves for single cells from disaggregated spheroids in the first passage were always similar to those for single cells isolated directly from the surgical specimens. Two of the melanomas showed a significant contact effect as spheroids whereas the other two did not. The spheroids from two of the melanomas showed lower Do in the third and the sixth passage than in the first passage, whereas the spheroids from the other two showed similar survival curves in the first and the third passage. It (o =0.71 d- in vivo versus ci = 0.85 d-1 in vitro; 0>0.2) and also the variability of ot was the same (0.18-1.36d-1 in vivo versus 0.30-1.30 d-1 in vitro). These data point out a strong similarity between growth of mts static cultures and growth of in vivo xenografts from the same cell line. The only noteworthy difference (the slope of the regression equations, that is the maximum volume of the Gompertzian growth) can be related to the obvious fact that mts are lacking in a vascular network. These data support the hypothesis that mts simulate in some way the growth in intravascular microregions of tumours. Moreover, the finding in vitro of the same growth heterogeneity as in vivo is to be kept in mind when planning experimental studies with static mts cultures. Inverstigations on the cause of this mts heterogeneity (differences in growth medium? previous individual mts history? intrinsic cellular properties?) are Curves of growth delay (GD) or 'cure' after graded doses of radiation have been analysed for 16 lines of human and animal tumours grown as multicellular spheroids. Dosesurvival curves were derived for those cellular units from which spheroids regrow after unsuccessful irradiation (spheroid-regenerating units; SRU). For 10 sets of data the SRU derived by GD could be compared with the response of the clonogenic cells of the spheroids. For Do, a good correlation (r=0.910) was found between the two; this was true also for Do derived from curves of spheroid 'cure' (7 sets of data from 6 spheroid lines) and clonogenic cells (r = 0.986). Using GD, the correlation of extrapolation numbers was less good (r = 0.682), the values for SRU commonly being higher than those for clonogenic cells. This may reflect features of the regrowth curves of spheroids after low doses of radiation. For human and animal tumour spheroids of 250 m or less, derived Do ranged from 0.5 to 2.5 Gy. For spheroids of 350 gm or more, derived Do for animal tumours ranged from 3.4 to 4.2Gy, for human lines from 1.5 to 2.5 Gy. This analysis has shown that in the majority of cases overall response of spheroids to irradiation (GD, 'cure') reflects quantitatively the radiosensitivity of clonogenic cells. Thus estimates of cellular radiosensitivity might be made for those spheroids that are grown directly from primary human tumour material and which may be difficult to dissociate and/or which have a low plating efficiency. One of the clinical characteristics of neuroblastoma is its rapid dissemination and the formation of micrometastases. Children with metastatic disease have very poor prognosis and new forms of treatment are being sought. Radioimmunotherapy is a new approach which is under consideration. Laboratory models of radioimmunotherapy of micrometastases may help in the assessment of this strategy.
We have developed an in vitro model for micrometastases with a neuroblastoma cell NBI-G which can be initiated to grow as spheroids. Regrowth of these spheroids was assessed following incubation with 1311 conjugated to a neuroectodermal specific monoclonal antibody UJ13A. The effect of UJ13A-13 I on spheroid growth was found to be far greater than that of 1311 alone, and a dose-response relationship was obtained. In addition penetration of antibody into multicellular spheroids has been investigated.
This model therefore provides a method for studying antibody-targeted therapy and should be useful for the evaluation of alternative antibodies and radionuclides. In vitro multicell tumour spheroids from a human melanoma cell line and a human colon adenocarcinoma cell line (used as control) have been established as a model of poorly vascularized micrometastases in vivo. Detailed uptake kinetics by the spheroids of two anti-melanoma monoclonal antibodies (MAb) and a non-specific MAb was investigated. The MAb showed a wide range of reactivity against the melanoma cell but they all had negligible binding with the colon cell. Penetration of the MAb in the spheroids after different incubation times was examined by autoradiography. By using high specific radioactivity 131I-labelled MAb, therapeutic effects in growth delay and regression on the spheroids were observed. Mathematical modelling of the uptake of the MAb by the spheroids and of the radiation effect on cells of the spheroids is therefore feasible although such micrometastases may not be imaged in vivo. Present findings will also provide information to the optimization of other forms of MAb targeted therapy. 
